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ABSTRACT 
Electrochemical studies were conducted on thin-film composite silicon (Si) and 
tin (Sn) anodes and lithium cobalt oxide (LCO) structural cathodes for lithium ion (Li
+
) 
batteries. The composite electrodes were fabricated in the form of slurry with PVDF and 
carbon black as the matrix and the conductive agent, respectively, and were deposited 
and solidified on a copper (Cu) current collector. The interlaminar shear strength between 
the composite Si anode and the Cu current collector was found to be 1.27±0.75 MPa. The 
mechanical integrity of Si and Sn composite anodes was evaluated by cyclic 
lithiation/delithiation tests under galvanostatic and potentiostatic conditions. The charge 
rate (C/7 and C/30) and the Sn particle size (2-45 μm) were varied in the experiments. 
The anode surface was evaluated via post-mortem confocal laser imaging and scanning 
electron microscopy. It was found that a critical particle size of 5-8 µm dictated the onset 
of particle fracture and was independent of the charge rates used in this study. Compared 
to large particles, small Sn particles (<10 μm) resulted in higher initial discharge 
capacities, reaching up to 75% of the theoretical capacity. On the other hand, a fourfold 
reduction in charge rate increased the initial discharge capacity and improved on the 
capacity retention of large Sn particles that reached the capacity levels of small Sn 
particles. This low charge rate limited the formation of surface residue during electro-
chemical testing, which contributed to the improved electrode performance. Finally, a 
complete solid-state battery was made from porous LCO and nickel-doped lithium 
titanate (Li4Ti5O12/Ni), infiltrated by a polymer electrolyte. The LCO half-cell was 
electrochemically and mechanically tested for an initial evaluation of this battery concept. 
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CHAPTER 1  
 
 
 
1. INTRODUCTION 
New materials hold the key to advances in energy conversion and storage, both of 
which are important in view of the high demand for portable energy. In the context of 
aerospace structures, energy storage and harvesting devices must meet the additional 
requirement for light weight. In particular, the weight of Unmanned Aerial Vehicles 
frequently used for remote sensing and reconnaissance, must be minimized as much as 
possible [1,2]. As a result, micro and nanoscale structures and materials are currently 
being explored since they offer unique ion transport properties as electrodes and 
electrolytes for a variety of energy harvesting and storage devices, while minimizing 
weight.  
In terms of energy storage devices, lithium (Li) and lithium-ion (Li
+
) batteries 
have received the most attention as structural components of autonomous vehicles, as 
they offer high energy density, ﬂexible and lightweight design, and longer lifespan than 
conventional battery technologies [3]. Among existing technologies, thin ﬁlm Li+ 
batteries are considered promising because of their high volumetric and gravimetric 
energy densities, superior power capability and design ﬂexibility [4]. They present an 
additional form factor advantage, and could be integrated in laminate composites that 
comprise a great number of advanced and commercial passenger air vehicles today. 
However, reactions at both the anode and the cathode electrode in rechargeable cells must 
be highly reversible to maintain the speciﬁc charge for a high number of charge and 
discharge cycles. Among the various materials considered for anodes in Li
+
 batteries, 
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silicon (Si) has the highest theoretical charge capacity of over 4,000 mAh/g [5]. 
However, this capacity fades drastically with successive charge-discharge cycles [6]. On 
the other hand, other materials that maintain their capacity for longer periods, such as 
carbon (C) and tin (Sn), do not have such a high charge capacity. This capacity fade issue 
stems from the outstanding theoretical capacity of Si and the resulting stresses due to 
large volume dilatation as will be discussed later in this Chapter. 
 
1.1. Structure of Thin-film Li+ Batteries and Electrode Materials 
A thin ﬁlm battery may be composed of one or several electrochemical cells that 
are connected in series and/or in parallel to provide the required voltage and capacity. 
Each cell consists of a cathode and an anode electrode separated by an electrolyte which 
enables ion transfer between the two electrodes. Once the electrodes are connected 
externally, ions flow between the electrodes through the electrolyte and electrons flow 
through the external connection to provide the required current. Figure 1.1 shows a 
schematic of the structure of a thin-film Li
+
 battery. 
 
 
Figure 1.1 Schematic of the structure of a thin-film Li
+
 battery [7]. Copyright 2008, 
Materials Research Bulletin. 
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Both electrodes in a thin ﬁlm battery are capable of reversible Li+ insertion. 
Because of the difference in chemical potentials of Li in the two electrodes, the transfer 
of Li
+
 from the anode, through the electrolyte and into the cathode (cell discharge) 
delivers energy, whereas the reverse Li
+
 transfer (cell charge) consumes energy. Figure 
1.2 shows a schematic of the discharge and charge processes of a rechargeable Li
+
 
battery. For most practical cells, carbon based anodes and metal oxide-based cathodes are 
selected, because they provide maximum speciﬁc energy, sufﬁcient speciﬁc power, and 
long cycle life [3,8-14]. 
 
 
Figure 1.2 Schematic of charge and discharge processes in Li
+
 battery [7]. Copyright 
2008, Materials Research Bulletin. 
 
The concept of a rechargeable cell based on Li
+
 insertion (and extraction) 
reactions has been studied extensively and numerous Li
+
 insertion electrodes have been 
proposed to date. The basic electrochemistry involves only transfer of Li
+ 
between the 
two electrodes, so that the electrolyte volume is minimized to a very thin ﬁlm (usually 
employing a layer of polymeric separator, often Celgard®). The life of Li
+
 transfer cells 
depends mainly on the dimensional stability of the host material during insertion and 
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extraction of Li
+
. Large mechanical stresses develop during the charge/discharge cycles 
due to Li
+
 insertion and extraction, causing cracks and ﬁnally damaging the electrode. 
When choosing electrode materials, there is a trade-off between such loss in material 
integrity and energy capacity or specific energy. The mechanical integrity of such high 
capacity Li
+
 host materials in particulate form is the focus of this dissertation.  
 
1.2. Battery Electrode Materials 
In recent years, the focus in making electrodes for thin-film Li
+
 batteries has 
shifted from conventional battery materials to nanomaterials, as the former could not 
deliver high specific energy and capacity in thin-film portable battery systems. Keeping 
in mind the  potential advantages and disadvantages associated with the development of 
nanomaterials as cathodes and anodes, intense effort has been devoted to explore new 
forms of materials for anodes and, more recently, for cathodes [15,16]. 
 
1.2.a. Materials for Battery Anodes 
Graphitized carbon is a popular choice for anodes because it exhibits stable 
working voltage, good cycle performance and relatively small volumetric change during 
intercalation/de-intercalation. However, the chemical compound LiC6 limits the 
theoretical capacity of Li-C anodes to 372 mAh/g [17], which is deemed insufﬁcient for 
high power applications [18]. On the other hand, Si has theoretical capacity of ~4,200 
mAh/g due to the formation of Li4.4Si alloy [5], which is substantially higher than that of 
carbon [19]. However, Si electrodes suffer from serious irreversible capacity and poor 
cyclability due to huge volume changes associated with Li
+ 
insertion and extraction [6].  
This volume change compounded by high Li packing density often results in fast 
disintegration (cracking or “crumbling”)  of  the  anode material  [20-22]. This 
phenomenon, also referred to as “decrepitation”, has become a major obstacle in the 
application of Si and other high capacity materials in rechargeable Li
+
 batteries.   
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Existing strategies to prevent decrepitation of Si have mainly focused on 
composite electrodes with reduced particle size. In this case an electrochemically active 
phase is homogeneously dispersed within an electrochemically inactive matrix with the 
inactive phase designed to accommodate the large strains generated by the active phase 
while maintaining the structural integrity of the composite electrode [18,23,24]. The 
emphasis is placed on reducing the particle size and experimenting with the geometry of 
the electrode. It has been shown that cracking of LixSn can be avoided in multiphase 
anodes with small particle sizes [25]. Similarly, nanostructured Si and Ge thin ﬁlms 
exhibit superior performance during charge/discharge cycling compared to their bulk 
counterparts [26,27].  Anodes made of Cu nanorods plated with Fe3O4 demonstrated a 
sixfold improvement in power density over planar electrodes while maintaining the same 
discharge time [28]. Si nanowire electrodes of diameter less than 100 nm have been 
found to accommodate volumetric strains as large as 400% without pulverization, while 
sustaining discharge capacity close to 75% of the theoretical value with little fading 
during cycling [29]. These experiments strongly suggest that size reduction to the 
nanoscale is an effective strategy to create high capacity and fracture resistant battery 
electrodes. 
 
1.2.b. Materials for Battery Cathodes 
There are two categories of cathode materials. One comprises layered compounds 
with an anion close-packed lattice. Transition metal cations occupy alternate layers 
between the anion sheets, and Li
+ 
ions are intercalated into remaining empty layers. 
LiMn2O4, LiCoO2, LiNi0.5Mn0.5O2, LiNi1-xCoxO2, and LiNixMnxCo1-2xO2 belong to this 
group [30-34]. Spinels with transition metal cations ordered in all layers are considered to 
be in this group too. This class of materials has the inherent advantage of higher 
volumetric energy density owing to their more compact lattices. The second group of 
cathode materials has more open structures, such as vanadium oxides, tunnel compounds 
of manganese oxides, and transition metal phosphates (e.g., the olivine LiFePO4) [35,36]. 
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These materials generally provide the advantages of better safety and lower cost 
compared to the ﬁrst group. 
 
1.3. Stresses in Thin-Film Anode and Cathode Electrodes 
Several studies have shown that damage caused by diffusion-induced stresses can 
be avoided or minimized by limiting the size (thickness) of the Si anode [37-39]. 
Similarly, several Li transition metal oxide and metal oxide cathodes, such as LiMn2O4, 
LiCoO2, V2O5, have been studied due to damage by diffusion-induced stresses.  
The insertion/extraction of Li
+
 in an electrode is often modeled as the diffusion of 
interstitial atoms at the continuum level [40-44]. Christensen and Newman [41,42] 
studied the stress development during Li
+
 insertion into carbon anodes and LiMn2O4 
cathode particles. Cheng and Verbrugge developed analytical expressions for the 
evolution of stress and strain energy within a spherical particle charged under 
galvanostatic and potentiostatic conditions [44]. Zhang et al. performed detailed 
numerical studies of diffusion-induced stresses in ellipsoidal LiMn2O4 particles under 
galvanostatic charging and discharging, with results suggesting that particles with smaller 
sizes and larger aspect ratios lead to lower intercalation-induced stresses [43]. Cheng et 
al. found that the surface tension and surface modulus can be effective in reducing 
diffusion-induced stresses in nanoparticles [45]. Huggins and Nix performed a 
decrepitation study on a bilayer plate where the bottom layer had a pre-existing crack and 
the top layer was subjected to a swelling transformation strain [46]. They predicted that 
the pre-crack would not propagate below a certain threshold for the plate thickness. 
However, there have been very limited experimental studies on decrepitation of 
electrodes. Wang et al. [47] did a Transmission Electron Microscopy (TEM) study for 
LiCoO2 cathodes, and found cathode damage and cation disorder due to cyclic voltage. In 
a different study, Wang et al. [48] observed that the capacity of pure LiFePO4 faded 
gradually after 60 cycles from 149 mAh/g to 117 mAh/g under current density of 30 
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mA/g, also noticing cracks in the LiFePO4 particles after cycling. More recently, 
Sethuraman et al. [49] reported in-situ measurements of stress evolution in Si thin films 
during lithiation and delithiation. The authors observed plastic deformation during 
lithiation and delithiation, and thus significant reduction of capacity through mechanical 
losses. 
 
1.4. Objectives and Methods of this Thesis 
The objective of this dissertation research is to quantify the mechanical integrity 
and cyclic energy storage viability of thin film anodes. Major part of this research focuses 
on understanding the nature of damage imparted to microscale Li
+
 host particles as a 
function of lithiation cycle and charge rate. Composite Si anodes are prepared and tested 
for their interlaminar shear strength and are subjected to electrochemical testing in order 
to study the evolution of particles as a function of number of charge/discharge cycles.  
Composite electrodes with Sn particles of different sizes are prepared to identify 
the effect of particle size on electrochemical performance. They are tested for several 
charge/discharge cycles to study the evolution of the electrode surface. The effect of 
charge rate on composite Sn electrode integrity and capacity fade is studied for charge 
rates C/7 and C/30. Charge rates for batteries are often expressed in terms of C rate which 
is a fraction or a multiple of the rated capacity of the battery expressed in Ampere-hours. 
For example: for a 5 Ah rated battery, the 1C rate is charging/discharging at 5A, C/5 rate 
is at 1A, 2C rate at 10A, etc.  
Mechanically, the liquid electrolyte and the interface between electrodes and 
electrolyte are the weakest links of a cell structure. In order to strengthen these parts, a 
completely solid state construction of a cell is investigated. The liquid electrolyte is 
infused with a polymeric binder which is cured after infiltrating both electrodes, hence 
acting as the bonding agent between the electrodes, as well as the ionic conduction 
medium. 
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CHAPTER 2 
 
 
 
2. COMPOSITE THIN-FILM Si ANODES FOR Li
+
 
BATTERIES 
Si is among the most widely studied materials for anodes in Li
+ 
batteries due to its 
very high theoretical capacity [4,9]. In order to increase the cycle life of high capacity 
anodes in Li
+ 
batteries, anodes have been produced from nanostructured Si [25-29]. In 
this Chapter, experiments carried out to evaluate the mechanical properties of composite 
Si electrodes are described.  
 
2.1. Materials and Processes 
2.1.a. Silicon-based anodes 
Composite Si anode films were prepared by the research group of Prof. Se-Hee 
Lee (Associate Professor, Mechanical Engineering) at the University of Colorado at 
Boulder. The samples were comprised of a 60:20:20 mixture of 60%wt. bulk Si, 20%wt 
acetylene black (AB), and 20%wt polyvinylidene difluoride (PVDF) binder, deposited as 
a slurry on a 19 µm thick Cu foil with a final thickness of 50 µm. Figure 2.1 is a view of 
a composite Si anode. The exact thickness of the Si layer varied between samples and 
within each sample. The individual materials comprising the anode are labeled in the 
SEM image in Figure 2.3 which also shows the details of the surface morphology of the 
anode in Figure 2.2. 
9 
 
 
Figure 2.1 Si anode with round punches to create battery cells. 
 
  
(a) (b)  
Figure 2.2 Texture of the Si anode shown 
in Figure 2.1. The top Si layer is showing. 
Figure 2.3 Higher magnification view of 
the anode in Figure 2.2 showing the 
material components: (1) Si particles, and 
(2), (3) acetylene black (AB) mixed with 
PVDF binder. 
 
 
1 
2 
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2 cm 
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2.2. Interlaminar Shear Strength of Composite Si Electrodes  
The interface between the Cu electrode and the composite anode material is 
expected to be weak because of the dissimilar type of bonding, metallic vs. covalent, 
between the two material systems. In order to assess the mechanical integrity of the 
interface, experiments were carried out to measure the interlaminar shear strength 
between the top Si+AB+PVDF layer, referred to as the composite Si layer, and the Cu 
substrate. The tests were performed using a commercially available mechanical testing 
apparatus (Bose ElectroForce® 3200). The composite Si side was bonded to the grips by 
using super-glue (Elmer’s Fix-all adhesive), while the Cu side was bonded by using a 12-
hr epoxy. A schematic of the details of specimen loading is shown in Figure 2.4. In total, 
15 rectangular test specimens were prepared, that were 1.06±0.047 mm wide and 10 mm 
long, with a gage length of approximately 8 mm.  
 
 
Figure 2.4 Schematic for interlaminar shear strenth tests with composite Si anodes. 
 
When subjected to shear, the end bonded to the composite Si layer delaminated 
from the Cu substrate. While the stress at the point of failure might also include the 
tensile strength of the composite Si layer alone, this effect was considered negligible as 
 
 
Cu substrate 
Composite Si 
electrode layer 
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the composite Si layer was observed to have very low strength. Eleven specimens 
provided reliable results as judged by the shape of the load-displacement curves. Some 
curves showed signs of specimen sliding at the grips and therefore the particular 
experimental data were discarded. The results are tabulated in Table 2.1, while Figure 2.5 
shows the measured interlaminar shear strengths (     ) as a function of the ratio of the 
bonded region’s length to its width.       was calculated by 
                 ⁄  (1) 
where F is the force at failure measured by a load cell and            is the area of the 
composite Si layer which is finally delaminated.  
 
 
Figure 2.5 Interlaminar shear strength for composite Si anodes vs. specimen 
length/width.  
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The use of the simple Equation (1) to compute the interlaminar shear strength is 
subject to edge effects at the grip of the composite Si side. Therefore, it is expected that 
larger length/width specimen aspect ratios will point to a more accurate value for the 
interlaminar shear strength. The measured interlaminar shear strength ranged between 
0.22 - 2.75 MPa averaging only 1.27 ± 0.75 MPa. These values are quite low compared, 
for example, to the interfacial shear strength of carbon fibers in composites, which in the 
absence of surface functionalization varies from 23-55 MPa, depending on the 
experimental technique employed [50]. 
 
Table 2.1 Interlaminar shear strength measurements for the Cu-composite Si interface. 
Sample 
# 
Width 
(mm) 
Length 
(mm) 
Area  
(sq. mm) 
Interlaminar Shear 
Strength (MPa) 
1 3.35 2.9 9.72 0.64 
2 1.71 2.35 4.02 0.22 
3 1.6 3.47 5.55 1.20 
4 1.74 2.87 4.99 0.60 
5 1.61 1.81 2.91 0.56 
6 1.87 4.09 7.65 1.17 
7 2.09 3.62 7.57 1.68 
8 1.41 2.68 3.78 2.05 
9 2.62 3.11 8.15 1.69 
10 1.58 2.28 3.60 2.75 
11 2.04 1.86 3.79 1.43 
Average 1.97 2.82 5.61 1.27 ± 0.75 
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2.3. Surface Studies of Composite Si Anodes after (De)Lithiation  
2.3.a. Cyclic voltammetry of Si anodes with Li foil 
Composite Si anodes were punched out of the sample shown in Figure 2.1 into 
discs of 0.5 in diameter and were assembled in a Swagelok-type cell with Li foil as the 
cathode electrode. Cyclic voltammetry (CV) was performed between 0.01 V and 1.5 V, 
with a voltage sweep rate of 15 mV/s using a modular 16 channel potentiostat/galvanostat 
(Bio-Logic VMP3). An example of a current-voltage curve is plotted in Figure 2.6. The 
charge half-cycle reached a maximum at ~0.6 V, while the discharge half-cycle exhibited 
a plateau between 0.85 - 0.45 V.  
 
 
Figure 2.6 Cyclic CV curves of a Si/Li/Li
+
 cell.  
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2.3.b. Surface morphology of composite Si anodes after (de)lithiation 
In order to evaluate structural and morphological changes in the composite Si 
anodes during lithiation and de-lithiation, tests under different electrochemical conditions 
and charge/discharge regimes were carried out. Subsequently, surface images were 
obtained by a confocal laser microscope (Olympus OLS3000) and were compared before 
and after each electrochemical test. Some images are presented in Figures 2.7 - 2.11.  
During the lithiation half-cycle, the surface of composite Si electrodes changed 
considerably. While the Si particles did not change in structure, texture, size or location, 
the surrounding matrix was covered by a surface layer that dried and cracked, as shown 
in Figure 2.7(b). This surface layer was not always present: a comparison between Figure 
2.8(b) and Figure 2.8(c) shows that the matrix surface did not change at all between the 
lithiation and the delithiation steps. The only clear difference between the pristine 
electrode in Figure 2.8(a) and the lithiated one in Figure 2.8(b) is the severe surface 
cracking, with the cracks remaining after the delithiation half-cycle. This was also 
observed in the composite Si electrode #3 shown in Figure 2.9, which was lithiated for 
twice as long as the composite Si electrode #2. Most cracks opened during lithiation as 
outlined by a solid line in Figure 2.9(c), and others propagated around Si particles 
causing deboning and separation from the conductive matrix. In addition, surface 
deposits formed during the lithiation and delithiation cycles in parts of the composite Si 
electrode #3. Examples of such areas are outlined with dashed lines in Figures 2.9(b,c). 
These deposits are similar in nature to those shown in Figure 2.8(b).  In order to evaluate 
the effect of lithiation/delithiation rate on electrode damage, the composite Si electrode 
#4 was lithiated and delithiated under constant current conditions and at the very low 
charge rate of C/300. The Si particles did not change appreciably, but the residue on the 
electrode surface was very pronounced, also covering all Si particles. When charged 
galvanostatically (at constant current) at the much faster rate of 2C/3, a similarly 
pronounced change in matrix surface topography was observed according to Figure 
2.11(b).  
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(a) (b) 
 
 
(c) 
 
Figure 2.8 Surface images of composite Si anode #2 (a) before lithiation, (b) after 
lithiation and (c) after delithiation at 100× magnification. The electrode was lithiated for 
10 min under potentiostatic conditions at 0.1 V, and was fully delithiated at 1.5 V. 
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(a) (b)  
 
 
 
 
 
 
(c) 
 
Figure 2.9 Surface images of composite Si anode #3 (a) before lithiation, (b) after 
lithiation and (c) after delithiation, at 50× magnification. The electrode was lithiated for 
20 min under potentiostatic conditions at 0.1 V, and was fully delithiated at 1.5 V. 
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(a)  (b)  
  
(c) (d)  
Figure 2.10 Two regions on the surface of composite Si anode #4, (a,b) before and (c,d) 
after lithiation imaged at 50× magnification. The anode was lithiated under galvanostatic 
conditions at a discharge rate of ~C/300. 
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(a)  
 
(b)  
Figure 2.11 Surface images of composite Si anode #5 at 50× magnification, (a) before 
and (b) after lithiation under galvanostatic conditions at 2C/3 discharge rate. 
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In summary, while the anode surface changed drastically during lithiation, no 
measurable change was observed during delithiation. The Si particles did not change 
location or dimensions, whereas the surface of the PVDF binder and AB was covered by 
a residue layer. In-situ observations of the composite Si electrode’s surface using a 
confocal laser microscope revealed a dynamically drifting opaque layer which, upon 
retraction, left the surface layer seen in Figures 2.10(c,d) and 2.11(b). This mobile during 
lithiation layer could be gas bubbles released from the Li foil and electrodes. After the 
charge-discharge cycle was over, the bubbles left a deposit on the surface, accounting for 
the large changes in surface morphology. Galvanostatic conditions appeared to have a 
more pronounced effect in producing the surface layer, which was present even for very 
low charging rates (~C/300). 
 
 
2.4. Si Surface after Multiple Charge-discharge Cycles 
In order to evaluate the effect of the number of charge/discharge cycles on the 
electrochemical performance and surface integrity of composite Si anodes, multiple cells 
were made with composite Si and Li foils as the electrodes in a Swagelok-type setup. The 
composite Si anodes were received from the University of Colorado, and the average 
particle size was in the range of 1-5 µm. Electrochemical data were collected while the 
batteries were charged and discharged as listed in Table 2.2 by using an electrostat (Arbin 
Instruments’ BT-2000). The surface was imaged before and after testing by an SEM. 
Figure 2.12 shows the surface morphology and the Si particles before electrochemical 
testing at different magnifications. The individual Si particles were uniformly distributed 
but large matrix cracks (1) and particle debonding cracks (2) were clearly visible near 
large Si particles as shown in Figure 2.11(b). The results from samples #2, #4, #5 and #7 
are presented in the next Sections. 
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(a) (b)  
  
(c) (d) 
Figure 2.12 Surface of composite Si anode as received before charging or discharging. 
The faceted Si particles are clearly shown at higher magnifications. 
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Table 2.2 Composite Si anodes tested galvanostatically. 
Sample # 
Number of lithiation 
(discharge) half-cycles 
Number of delithiation 
(charge) half-cycles 
0 0 0 
1 1 0 
2 1 1 
3 2 1 
4 2 2 
5 5 5 
6 6 5 
7 10 10 
8 11 10 
 
 
2.4.a. Composite Si anode subjected to 1 lithiation/delithiation cycle 
The composite Si anode #2 in Table 2.2 was tested for 1 complete charge-
discharge cycle under constant current conditions. The performance of the cell during 
lithiation and delithiation was very good, exhibiting long segments of stable discharging 
and charging, as indicated by the plateau in voltage curves in Figure 2.13. The capacity 
drop after the first discharge was not very large: there was 76% capacity retention with 
the discharge capacity being 1,237 mAh/g and the charge capacity 948 mAh/g.  
SEM images showed a clean anode surface with no residue, contrary to those 
previously observed under a confocal laser microscope, e.g. Figure 2.11. Individual Si 
particles underwent surface degradation as indicated in region 2 in Figure 2.14. 
Furthermore, particle debonding was quite pronounced, e.g. regions 1 and 3, although it 
could not be established whether such cracks existed before lithiation as a result of matrix 
setting (drying). 
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Figure 2.13 Electrochemical data for 1 complete charge/discharge cycle of composite Si 
anode #2. 
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(a) (b)  
  
(c)  (d)  
Figure 2.14 Surface of composite Si anode #2 after 1 complete charge-discharge cycle.  
 
 
2.4.b. Composite Si anode subjected to 2 lithiation/delithiation cycles 
Sample #4 was tested for 2 complete cycles. The capacity fade during the first 2 
cycles was low: 65% of the capacity was retained between discharge half-cycles and 74% 
of the capacity was retained between charge half-cycles. The initial capacity was 865 
mAh/g, which is much lower than sample #2. However, as shown in Figure 2.15, 
although the stable lithiation plateau during the first lithiation half-cycle was quite wide, 
3 
2 
1 
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occupying nearly 85% of the half-cycle, it almost vanished in the second delithiation 
half-cycle. 
The post mortem SEM images in Figure 2.16 revealed that the anode surface was 
very similar to that of sample #2 which was tested for only 1 complete cycle. However, 
matrix cracks were more pronounced, but not as long as those observed in Figures 2.7 - 
2.11. It is noteworthy that some surface residue, similar to that observed on the entire 
electrode surface in Figures 2.9 - 2.11, was also present but was mostly limited to the 
close vicinity of Si particles. 
 
 
Figure 2.15 Electrochemical data for 2 complete charge/discharge cycles of composite Si 
anode #4.  
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(a) (b)  
  
(c)  (d) 
Figure 2.16 Surface of composite Si anode #4 after 2 complete charge-discharge cycles. 
 
 
2.4.c. Composite Si anode subjected to 5 lithiation/delithiation cycles 
Sample #5 was subjected to 5 complete lithiation/delithiation cycles. A steady 
capacity fade was observed as shown in Figure 2.17. The average capacity retention for 
the lithiation half cycles was 76% and 79% for the delithiation half cycles. The initial 
capacity was much higher than in samples #2 and #4, reaching 1,230 mAh/g. The 
gravimetric capacity was calculated only for the Si particles. Yet, it was more than 3 
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times smaller than the theoretical capacity of Si. Furthermore, there was no stable plateau 
in the lithiation and delithiation half-cycles. This indicates that, although there is an 
apparent capacity until 5 complete charge-discharge cycles, this may not be of practical 
use. The surface of the composite Si electrodes shown in Figure 2.18 was different from 
the previously tested electrodes, with the matrix surface showing a drastic change in 
texture when compared to the as fabricated electrode. A surface residue layer covered the 
majority of the matrix and the Si particle surface, as reported in Figures 2.9 - 2.11. It is 
likely that accumulation of this surface residue gradually faded away the electrode 
capacity. This surface residue could be the Solid Electrolyte Interphase (SEI) but the 
SEM and optical images collected could not provide sufficient information to answer this 
question. 
 
 
Figure 2.17 Electrochemical data for 5 complete charge/discharge cycles of composite Si 
anode #5. 
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(a) (b) 
  
(c) (d) 
Figure 2.18 Surface morphology of composite Si anode #5 after 5 complete charge-
discharge cycles. 
 
 
2.4.d. Composite Si anode subjected to 10 lithiation/delithiation cycles 
Sample #7 was subjected to 10 complete cycles leading to gradual and rapid 
capacity fade. On average, the capacity dropped by 78% between half lithiation cycles 
and by 80% between delithiation cycles. The overall reduction in capacity, however, was 
quite significant: only 10% of the initial capacity (876 mAh/g) was retained in the last 
half-cycle. SEM images of the electrode surface showed a very different texture from the 
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as prepared anode and the tested anodes described in the previous sections. In several 
locations on the electrode a net-like layer formed over the thin layer reported in Figures 
2.9-2.11, as pointed out in regions 1, 3 and 4 in Figure 2.20. The electrode surface could 
still be seen through openings in this layer, e.g. region 2 in Figure 2.20(b). The exact 
nature of this net-like layer could not be identified. Other regions on the same electrode 
resembled the surface of sample #4 reported before, with limited coverage by the residue 
layer as shown in Figure 2.21. However, no Si particles could be identified any longer, 
potentially due to debonding or complete pulverization. 
 
 
Figure 2.19 Electrochemical data for 10 complete charge/discharge cycles of composite 
Si anode #7.  
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(a)  (b)  
 
 
(c)   
Figure 2.20 Surface of composite Si anode #7 after 10 complete charge-discharge cycles. 
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(a) (b) 
  
(c) (d) 
Figure 2.21 Surface of composite Si anode #7 after 10 complete charge-discharge cycles. 
 
 
2.5. Conclusions 
The mechanical integrity of composite Si anodes was investigated. Interlaminar 
shear strength tests showed that the electrode layer was weakly bonded to the Cu 
substrate: the average interfacial strength was only 1.27 ± 0.75 MPa. While this low 
value does not directly affect the electrochemical performance of the electrode, it 
definitely restricts its application as structural material. Furthermore, it makes the 
electrode prone to performance losses due to debonding after successive 
32 
 
lithiation/delithiation cycles that subject the composite anode to dilatational strain. 
Modifications in matrix chemistry or appropriate coating of the Cu substrate before 
deposition of the anode slurry may promote chemical bonding between the metal 
substrate and the composite anode.  
The electrochemical data showed that the capacity of the resulting Si-Li cells 
drops by 20-40% in each charge-discharge cycle. A strong correlation could not be 
established between the capacity drop and the final morphology of the electrode surface; 
however, the electrode surface was clearly degraded after 5 complete discharge/charge 
cycles and the Si particles were severely damaged. The surface degradation was almost 
complete after 10 cycles. A residue layer covered the surface of the anodes when cycled 
for more than 2 complete charge-discharge cycles, which also obscured a detailed surface 
analysis. This layer could form as early as the first test cycle, but in general its presence 
was rather limited in the first 5 complete cycles. The nature of this surface residue, 
potentially an SEI, was not determined in this research. 
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CHAPTER 3  
 
 
 
3. COMPOSITE THIN-FILM Sn ANODES FOR Li
+
 
BATTERIES 
As discussed in Chapter 2, Si has the highest theoretical capacity as an anode in 
Li
+
 batteries. However, its deployment in successful batteries has been hindered by 
mechanical integrity problems, low cyclability, the formation of SEI and the formation of 
native oxide that seals the Si core. An alternative material with approximately three times 
the capacity of currently used carbon anodes in Li
+
 cells, reaching 994 mAh/g, is Sn. 
Unfortunately, Sn electrodes have similar behavior to Si exhibiting up to 260% volume 
expansion during lithiation [51,52]. Their metallic nature, however, may be more 
forgiving to such high stresses and limit pulverization that is common to Si anodes. 
Chapter 3 adopts the methods presented in Chapter #2 to evaluate the mechanical 
integrity and electrochemical cyclic response of Sn based composite anodes. 
 
3.1. Fabrication of Composite Sn Anodes 
Composite Sn anode anodes were fabricated at the Materials Research Laboratory 
(MRL) at the University of Illinois under the guidance of Professor Shen Dillon 
(Materials Science, UIUC). Sn powder, PVDF binder (powdered) and carbon black were 
mixed continuously in a 75:15:10 ratio, while the solvent (N-methyl Pyrilidinone or 
NMP) was added gradually until a homogeneous slurry formed. This slurry was then 
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deposited onto a Cu foil. Three thicknesses for the wet slurry were employed, namely 250 
µm, 500 µm and 750 µm. The slurry was then dried under a 250W lamp for 24 hr, and 
individual electrode samples were punched out using a 3/8” punch. The thickness of the 
dry slurry was about 5 times smaller than its wet form. Figure 3.1 shows SEM images of 
the surface of the composite Sn electrodes. The Sn particle size was capped at 45 µm, 
which means that all Sn particles were smaller than 45 µm in size. In the distribution of 
Sn particles 10% were between 35-45 µm, 20% between 20-35 µm, 40% between 10-20 
µm and 30% were smaller than 10 µm in size. 
Figure 3.1 shows the anode surface, where individual Sn particles can be easily 
distinguished due to their regular geometry (ellipsoids) compared to the Si particles in 
Chapter 2. However, as shown in Figure 3.1(b), Sn particles with at least one dimension 
was larger than ~5 μm tended to debond the matrix. This indicates a low interfacial shear 
strength which is overcome by stresses during shrinkage of the matrix. 
  
  
(a) (b) 
Figure 3.1 Surface of composite Sn anode showing debonding of larger particles. 
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3.2. Surface Studies of Lithiated and Delithiated Composite Sn Anodes 
3.2.a. CV of Sn anodes with Li foil 
Composite Sn anodes were punched into discs of 0.5” diameter and were 
assembled in a Swagelok-type cell with Li foil as the other electrode. Cyclic voltammetry 
(CV) was performed between 0.01 - 1.5 V, with a voltage sweep rate of 15 mV/s. The 
current-voltage curve is plotted in Figure 3.2. 
 
 
Figure 3.2 CV results for a Sn/Li/Li
+
 cell. 
 
 
3.2.b. Surface of Sn anodes before and after lithiation 
Sn anodes are expected to form lesser SEI on the surface compared to Si. 
Reduced SEI on the anode surface could allow for concurrent optical imaging with 
lithiation/delithiation which was not possible with the Si based electrodes described in 
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Chapter 2. Figures 3.3(a-d) demonstrate changes in the surface of a Sn composite 
electrode: the Sn particles in the outlined regions appear expanded after a single 
discharge (lithiation) cycle. Such an effect is expected after a lithiation half-cycle, since 
the Li
+
 in the Sn lattice results in particle expansion. However, a thick residue layer was 
present on the composite Sn anodes, potentially resulting in the “enlarged” view of the 
individual Sn particles. 
 
  
(a)  (b)  
  
(c)  (d)  
Figure 3.3 Surface of composite Sn anode #3 imaged at 100× magnification by a 
confocal laser microscope, (a,c) before and (b,d) after lithiation and delithiation. The 
anode was lithiated under galvanostatic conditions at C/2 rate.  
15 µm 15 µm 
15 µm 15 µm 
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3.3. Composite Sn Anodes Subjected to Multiple Charge-discharge Cycles 
In order to estimate the effect of the number of charge/discharge cycles on the 
electrochemical performance and surface integrity of composite Sn anodes, multiple cells 
were made with composite Sn and Li foil as the electrodes in a Swagelok-type setup. 
Electrochemical data were collected during charging and discharging and their surface 
was imaged after each test by an SEM. 
 
3.3.a. Composite anodes with small Sn particles 
Composite Sn electrodes were prepared as described in Section 3.1 using Sn 
particles in powder form that were less that 10 μm in size and were obtained from Sigma 
Aldrich. Multiple anodes were tested galvanostatically at a charge/discharge rate of C/7 
and for different cycle numbers. After each test, the anode was removed from the 
Swagelok setup inside a glove box and was rinsed in a 1:1 mixture of EC:DMC (Ethylene 
Carbonate and Di-Methyl Carbonate) to remove residual electrolyte and Li before 
exposure to ambient air. Table 3.1 lists the details for each anode sample tested.  
Table 3.1 Composite anodes with up to 10 μm large Sn particles tested galvanostatically. 
Sample # 
Number of lithiation 
(discharge) half-cycles 
Number of delithiation 
(charge) half-cycles 
0 0 0 
1 1 0 
2 1 1 
3 2 1 
4 2 2 
5 5 5 
6 6 5 
7 10 10 
8 11 10 
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The Sn particles were mostly uniformly distributed in the matrix, with a few 
exceptions as marked in regions 1 and 4 in Figure 3.4. Some Sn particles, such as those in 
regions 2 and 5, were debonded from the matrix. Moreover, region 3 shows pure matrix 
(PVDF + carbon black). Such inhomogeneities are due to the processes of mixing and 
drying of the slurry on the current Cu collector. Such microscale non-uniformities, 
however, cannot be removed by bulk mixing or by sonication, due to the small size and 
the wide distribution of the constituent particles. 
 
  
(a) (b)  
  
(c)  (d)  
Figure 3.4 Surface images of as fabricated composite Sn anode. 
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3.3.a.1. Composite Sn anode subjected to 1 lithiation/delithiation cycle 
The electrochemical data for sample #2 (see Table 3.1) are plotted in Figure 3.5. 
The electrode capacity for the first half-cycle was 778 mAh/g, but in the second half-
cycle it dropped to 501 mAh/g. The initial discharge capacity was 75% of the theoretical 
capacity of Sn of 992 mAh/g, which implies that anode #2 worked quite well. As shown 
in Figure 3.6, a residue layer formed on the anode surface after one charge-discharge 
cycle. The surface cracks, e.g. region 1 in Figure 3.6(a), were not limited to the surface 
residue but potentially originated in the anode matrix (regions 2-4). The cracks 
propagated around the Sn particles (regions 3 and 4), occasionally resulting in particle 
debonding (region 2). The surface of the Sn particles on the other hand, lost its 
smoothness and appeared rather porous, e.g. Figures 3.6(c,d). 
 
Figure 3.5 Electrochemical data for 1 complete charge/discharge cycle of composite Sn 
anode #2. 
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(a)  (b) 
  
(c)   (d)  
Figure 3.6 Surface images of composite Sn anode #2 after 1 complete charge/discharge 
cycle. A residue layer covers the entire surface but its coverage is less on the individual 
Sn particles. Many individual Sn particles appeared on the verge of complete debonding. 
The cracks in the surface residue continue into the anode matrix. 
 
 
3.3.a.2. Composite Sn anode subjected to 2 lithiation/delithiation cycles 
The electrochemical data for anode #4, tested under galvanostatic conditions (at 
constant current), are plotted in Figure 3.7. Noticeably, capacity retention in the last half-
cycle was as low as 25%, which is quite a reduction compared to the Si anodes discussed 
in Chapter 2. The capacity retention was 63% for the lithiation half cycle and 53% for the 
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delithiation half cycle. The initial capacity, however, was 723 mAh/g, which is 73% of 
the theoretical capacity, which is consistent with sample #2. The capacity fade was due to 
a pronounced surface residue that covered the entire electrode after 2 complete cycles, as 
shown in region 2 in Figures 3.8(a,b,c), while limited area of the original matrix was still 
left exposed on the surface as shown in region 1 of the same image. The Sn particles were 
porous, e.g. regions 3 and 4 in Figures 3.8(c,d). However, Sn particles of the order of 10 
μm or larger fractured forming ~5 μm fragments that were still connected, as shown in 
Figure 3.8(f). In matrix locations covered with surface residue the Sn particles were also 
covered by the residue as shown in region 5 in Figure 3.8(e). 
 
 
Figure 3.7 Electrochemical data for 2 complete charge/discharge cycles of composite Sn 
anode #4. 
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(a) (b) 
  
(c)  (d)  
  
(e)  (f) 
Figure 3.8 Surface images of composite Sn anode #4 after 2 complete charge/discharge 
cycles. 
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3.3.a.3. Composite Sn anode subjected to 5 lithiation/delithiation cycles 
The electrochemical data for anode #5 are plotted in Figure 3.9. As calculated 
from the data in the graph, the capacity fade between cycles was quite pronounced 
reaching only 40% capacity retention for the first two discharge half cycles: the capacity 
dropped from 740 mAh/g in the first discharge half cycle to 300 mAh/g in the second 
discharge half cycle. Similarly, the capacity retention for the first two charge half-cycles 
was 49%, namely a drop from 424 mAh/g to 209 mAh/g. Also, the anode capacity in the 
final last half-cycle was a mere 10% of the first half-cycle. 
 
 
Figure 3.9 Electrochemical data for 5 complete charge/discharge cycles of composite Sn 
anode #5. 
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Post-mortem SEM images could provide insight into the rapid capacity fade. The 
Sn particles were covered by the same surface residue seen in previous composite Sn 
samples. As can be inferred from Figures 3.10(a,b), the anode matrix was not covered by 
the pronounced residue any longer but the residue on the Sn particle surface, Figures 
3.10(c,d), could be the reason for nearly complete capacity fade. 
 
  
(a) (b) 
  
(c)  (d) 
Figure 3.10 Surface images of composite Sn anode #5 after 5 complete charge/discharge 
cycles. 
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3.3.a.4. Composite Sn anode subjected to 10 lithiation/delithiation cycles 
The capacity of anode #7 faded similarly to anode #5 as shown in Figure 3.11. 
The initial capacity was 746 mAh/g, which is consistent with all previously tested 
electrodes. The initial capacity drop was significant, with only 36% capacity retention 
between the first two discharge half-cycles, and 46% between the first two charge half-
cycles. However, the capacity for the last half-cycle was 54 mAh/g, i.e. a mere 7% 
retention. The average capacity retention was very low in the first five half cycles (54%). 
Although the capacity retention for cycles 6-10 was close to or above 90%, but the 
absolute capacity was very small. 
 
 
Figure 3.11 Electrochemical data for 10 complete charge/discharge cycles of composite 
Sn anode #7. 
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Post-mortem SEM surface images after 5 charge/discharge cycles, clearly showed 
that the Sn particles became porous, e.g. regions 1 and 3 in Figures 3.12(b) and (c), 
respectively. Sn particle damage was more limited when the particles were coated with a 
surface residue which potentially shielded the Sn particles from charging and 
discharging, as shown in regions 2 and 4 in Figures 3.12(b) and (d), respectively. The 
particles were porous, as seen in the marked regions in Figures 3.12(b,d), but in lesser 
extent compared to the particles in region 3 in Figure 3.13(c).  
 
  
(a)  (b)  
  
(c)  (d)  
Figure 3.12 Surface images of composite Sn anode #7 after 10 complete 
charge/discharge cycles. 
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3.3.b. Composite anodes with large Sn particles 
The role of particle size in electrode performance and particle degradation was 
studied by using a second set of anodes prepared with Sn particles that were as large as 
45 µm, and were fabricated following the procedures described in Section 3.3.a. The Sn 
particles constituted ~8% of the volume of the composite anode and approximately 70% 
its weight. The charge/discharge rate was C/7 and the details of the electrochemical tests 
are listed in Table 3.2. SEM images (using Hitachi SEM S4800) in Figure 3.13 show the 
surface of an as-fabricated anode comprised of mostly equiaxed Sn particles ranging 
between 2-20 µm in diameter.  
 
  
(a) (b) 
  
(c) (d) 
Figure 3.13 Surface of as fabricated composite Sn anode with 45 µm Sn particles. 
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Table 3.2 Galvanostatically tested composite anodes containing up to 45 μm Sn particles. 
Sample # 
Number of lithiation 
(discharge) half-cycles 
Number of delithiation 
(charge) half-cycles 
1 1 0 
2 1 1 
3 2 1 
4 2 2 
5 3 2 
6 5 5 
7 6 5 
8 10 10 
9 11 10 
10 20 20 
11 21 20 
 
 
3.3.b.1. Composite Sn anode subjected to 1 lithiation/delithiation cycle 
Sample #2 from Table 3.2 was subjected to a complete galvanostatic 
lithiation/delithiation cycle. The electrochemical data are plotted in Figure 3.14. The 
initial discharge half-cycle had 580 mAh/g capacity, which is 58% the theoretical value. 
The reduction in capacity from the first to the second half-cycle, however, was not as 
large, allowing for 75% retention. As described in Section 3.3.a, the initial capacity of the 
composite Sn electrodes with small particle size was about 75% the theoretical value. It is 
expected that larger particles would require much longer times to achieve full lithiation. 
Deep cracks were observed in some areas, as shown in Figure 3.15(b) but not as long as 
those reported for the composite Si electrodes in Chapter 2. The surfaces of the matrix 
and the Sn particles were covered by a residue layer, Figure 3.15(c), similar to that on the 
anodes reported in the previous sections. It is characteristic that the Sn particles were 
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uniformly coated with this residue, which is potentially the cause for the low capacity. 
Such complete coatings were seen after larger number of lithiation/delithiation cycles in 
the case of small Sn particle anodes. It is also interesting to note that, to the degree this 
can be determined from the coated particles, the latter do not appear as porous as those in 
composite electrodes with small Sn particles. In general, this surface residue which acts 
as SEI formed early in the process of cycling electrode #2 and limited its capacity, hence 
the limited porosity too.  
 
 
Figure 3.14 Electrochemical data for 1 complete charge/discharge cycle of composite Sn 
anode #2. Note that the charge rate was increased during the discharge half-cycle. This 
increase in current was responsible in part for the termination of the voltage plateau. 
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(a) (b)  
  
(c)  (d) 
  
(e) (f) 
Figure 3.15 Surface images of composite Sn anode #2 subjected to 1 complete 
charge/discharge cycle. 
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3.3.b.2. Composite Sn anode subjected to 2 lithiation/delithiation cycles 
The charge rate for sample #4 was changed during the first half-cycle because the 
originally set charge rate was very slow. The effect of this charge rate change was 
identical to that for sample #2. The first half-cycle had 640 mAh/g capacity, while the 
next three half-cycles had very consistent capacities of 438 mAh/g, 439 mAh/g and 423 
mAh/g. Even though these capacity values were 45% of the theoretical capacity of Sn, 
they are nevertheless remarkable values considering that the capacity did not fade. 
Post-mortem SEM images of the anode’s surfaces showed a residue layer in the 
close vicinity of the Sn particles, e.g. regions 1 and 2 marked on Figures 3.17(a,b), 
similar to than near Si particles reported in Chapter 2. In region 2, the presence of the 
residue layer was accompanied by particle debonding.  
 
 
Figure 3.16 Electrochemical data for 2 complete charge/discharge cycles of composite 
Sn anode #4. 
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(a)   (b)  
  
(c)  (d)  
  
(e)  (f)  
Figure 3.17 SEM images of the surface of composite Sn anode #4 after 2 complete 
charge/discharge cycles. 
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Interestingly, Sn particles smaller than ~5-7 μm were porous but still “coherent” 
after two cycleS, e.g. regions 1, 2, 3 in Figures 3.17(a, b, c), respectively, whereas 
particles larger than 10 μm fragmented, as shown in regions 4, 5, 6 in Figures 3.17(d,f). It 
was observed that the fragment size was of the order of 5 μm: particles of about 10 μm 
diameter fragmented in the middle, e.g. regions 4, 6 in Figures 3.17(d,f), while quite 
larger particles demonstrated “onion peeling” fracture, e.g. region 6 in Figure 3.17(f). As 
reported earlier about Figure 3.8(f), a similar type of fracture and fragments of the order 
of 5 μm took place in composite anodes comprised of small Sn particles (≤ 10 μm). 
Therefore, it appears that there is a characteristic particle size of ~5 μm before Sn 
particles fracture. However, Sn particles become porous regardless of their size. 
 
3.3.b.3. Composite Sn anode subjected to 5 lithiation/delithiation cycles 
The composite anode #6 was subjected to 5 lithiation/delithiation cycles with 
good cyclic electrochemical performance, as shown in Figure 3.18. The initial capacity 
was 567 mAh/g, although only 65% of this value was retained during the second half-
cycle and about 63% of that was retained during in the third half-cycle. Thereafter, 
capacity retention was close to 95% or larger for the remaining 7 half-cycles. Also, over 
51% of the initial capacity was retained until the 10
th
 half-cycle.  
SEM images showed a surface morphology very similar to that for sample #4. All 
particles were porous, and those that were larger than 5 µm in diameter suffered from 
fracture, which points to the rule of thumb for minimum particle size before fracture 
established in the previous Section. Particles that were smaller than 5 µm in diameter 
showed no cracks and suffered only porosity, as shown in Figure 3.19(c). Particles that 
were 10-15 µm in diameter contained 1-2 cracks fragmenting the particle in relatively 
equal segments as shown in regions 1, 2, 3 in Figures 3.19(b, e, f), respectively. The 
largest particles that were 30-40 µm in size, showed several through cracks, dividing the 
particle into smaller regions that were 5-7 µm large, which, again, confirms a critical 
particle size of ~5 µm before fracture can occur. Similarly to electrode #4, a surface 
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residue was present in the immediate vicinity of Sn particles, but it was limited only to 
those areas. A comparison between the cyclability of different anodes, as established by 
the electrochemical data, and the extent of the residue on the surface of the anodes 
supports the argument that the presence of a residue on the electrode surface is directly 
associated with poor cyclability. 
 
 
 
Figure 3.18 Electrochemical data for composite Sn anode #6 subjected to 5 complete 
charge/discharge cycles. 
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(a) (b)  
  
(c)  (d) 
  
(e) (f)  
Figure 3.19 Surface images of composite Sn anode #6 after 5 complete charge/discharge 
cycles.  
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3.3.b.4. Composite Sn anode subjected to 10 lithiation/delithiation cycles 
Sample #8 that was subjected to 10 lithiation/delithiation cycles demonstrated 
pronounced capacity fade. The initial capacity was 600 mAh/g, which dropped to 297, 
218, 79 and 59 mAh/g in the subsequent discharge half-cycles. At the end of the 10 
cycles, the capacity of the final half-cycle was just 6% of the initial capacity. The 
electrode cycled very consistently averaging 95-98% capacity retention after the third full 
cycle. SEM images revealed an electrode surface very different from the anodes 
described earlier. No Sn particles could be discerned on the surface while a particulate 
residue (particles 500 nm in diameter shown in Figures 3.21(c,d,e) covered the anode 
surface. Other regions, e.g. Figure 3.21(b), were covered by a textured residue. The 
surface of the anodes had clearly deteriorated which explains the poor electrochemical 
performance shown in Figure 3.20. 
 
 
Figure 3.20 Electrochemical data for 10 complete charge/discharge cycles of composite 
Sn anode #8. 
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(a) (b)  
  
(c)  (d) 
 
 
(e)  
Figure 3.21 SEM images of the surface of composite Sn anode #8 after 10 complete 
charge/discharge cycles. 
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3.3.b.5. Composite Sn anode subjected to 20 lithiation/delithiation cycles 
Anode #10 had a very similar capacity drop as anode #8, especially after the very 
first discharge half-cycle, and after the seventh half-cycle, as marked in Figure 3.22. The 
initial capacity was 608 mAh/g, which was reduced to 40 mAh/g by the last half-cycle, a 
mere 7% retention of initial capacity. Some particles could still be located on the surface 
after 20 complete cycles, as shown in Figures 3.23(b-d), with large particles being 
fragmented as they exceeded the critical particle size, e.g. Figure 3.23(b). A thin residue 
covered most of the particles and the binder. 
 
 
Figure 3.22 Electrochemical data for 20 complete charge/discharge cycles of composite 
Sn anode #10. 
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The SEM images of the surface of composite Sn anode #10 in Figure 3.23 show 
very few particles on the surface. It is possible that anodes #8 and #10 had limited 
particle volume fraction which resulted in the calculated poor performance data in Figure 
3.22. The formation of the initial slurry does not guarantee a uniform Sn particle 
distribution, which could be responsible for poor anode performance. 
 
  
(a) (b)  
  
(c)  (d) 
Figure 3.23 SEM images of the surface of composite Sn anode #10 after 20 complete 
charge/discharge cycles. 
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3.3.c. Composite Sn anodes tested at C/30 charge rate 
In order to determine the effect of charge rate on the performance of composite Sn 
anodes, samples with large Sn particles (<45 µm) were tested at C/30 rate, which is more 
than 4 times slower than the experiments discussed in Section 3.3.b. In total, 8 samples 
were tested for 1, 2 and 5 complete charge/discharge cycles, as listed in Table 3.3. All 
samples tested for the same number of cycles resulted in identical electrochemical 
performance, thus, only one sample from each test condition is discussed here. The only 
exception was sample #4, which did not complete the first charge half-cycle, potentially 
due to loss in electrical connection inside the Swagelok cell. The samples discussed in 
this Section are marked in bold in Table 3.3, namely samples #1, #3 and #8.  
 
Table 3.3 Composite Sn anodes with large Sn particles tested at C/30 rate. 
Sample # 
Number of lithiation 
(discharge) half-cycles 
Number of delithiation 
(charge) half-cycles 
1 1 1 
2 1 1 
3 2 2 
4 2 2 
5 2 2 
6 5 5 
7 5 5 
8 5 5 
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3.3.c.1. Composite Sn anode subjected to 1 lithiation/delithiation cycle 
At C/30 rate, Sn anodes showed good cyclability after an initial capacity loss. As 
shown in Figure 3.24, the initial discharge capacity of Sn anode #1 was 758 mAh/g 
which is almost as high as what achieved using small Sn particles (778 mAh/g) described 
in Section 3.3.a.1. This indicates that the large Sn particles (≤45µm) could provide as 
high of an effective capacity as the small ones provided that a lower charge rate is used. 
The charge half-cycle had a capacity of 464 mAh/g, which is about 61% of the initial 
discharge capacity. 
 
 
Figure 3.24 Electrochemical data for 1 complete charge/discharge cycle of composite Sn 
anode #4 charged at C/30 rate. 
 
Figure 3.25 shows SEM images of sample #1 after electrochemical testing. The 
largest surface particles, Figure 3.25(a-c), delaminated from the matrix and fragmented.  
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A particle size dependent distribution of cracks was observed, e.g. Figures 3.25(b,c,d): 
Particles with sizes ≥ 10 μm fragmented and the fragments were smaller than 10 μm. The 
particles were also porous, Figure 3.25(d), which is consistent with results reported in 
previous Sections. 
 
  
(a)  (b)  
  
(c)  (d) 
Figure 3.25 SEM images of the surface of composite Sn anode #1 after 1 complete 
charge/discharge cycle. 
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3.3.c.2. Composite Sn anode subjected to 2 lithiation/delithiation cycles 
Anode #3, tested for 2 charge-discharge cycles as shown in Figure 3.26, had 
capacity of 712 mAh/g for the first discharge half-cycle, which dropped to 518 mAh/g in 
the second discharge half-cycle. The capacity of the first charge half-cycle was 470 
mAh/g which dropped to 392 mAh/g in the second charge half cycle. 
The anode surface was imaged by an SEM (Hitachi SEM-6060LV) to reveal a 
size-dependent crack pattern that was similar to that reported in previous Sections, as 
marked in Figures 3.27(c,d,e). The anode surface contained a lot of Sn particle 
agglomerates, which was not observed in Sn samples described in earlier Sections. 
 
 
Figure 3.26 Electrochemical data for 2 complete charge/discharge cycles of composite 
Sn anode #3 charged at C/30 charge rate. 
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(a) (b)  
  
(c)  (d) 
 
 
(e)   
Figure 3.27 SEM images of the surface of composite Sn anode #3 after 2 complete 
charge/discharge cycles. 
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3.3.c.3. Composite Sn anode subjected to 5 lithiation/delithiation cycle 
After an initial capacity loss, the capacity retention for sample #8 was also good 
as shown in Figure 3.28. The initial discharge capacity was 699 mAh/g and the charge 
capacity was 434 mAh/g. By the fifth cycle, the discharge capacity dropped to 258 
mAh/g, 37% of the initial value, and charge capacity dropped to 215 mAh/g, which is 
49% of the first charge half-cycle capacity. The average capacity retention was 79% for 
the discharge half-cycles and slightly higher at 84% for the charge half-cycles. Anode #8 
had high particle density and particle agglomeration, as pointed out in Figure 3.29(c). 
Although cracks were observed in the matrix phase, e.g. Figures 3.29(b,c,d), the anode 
was quite coherent at the end of 5 cycles. 
 
 
Figure 3.28 Electrochemical data for 5 complete charge/discharge cycles of composite 
Sn anode #8 charged at C/30 rate. 
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(a) (b)  
  
(c)  (d) 
Figure 3.29 SEM images of the surface of composite Sn anode #8 after 5 complete 
charge/discharge cycles. 
 
Finally, when compared to images in Sections 3.3.1 and 3.3.2, the images shown 
in this Section reveal that the slow charge rate of C/30 did not result in the surface 
residue shown in all previous experiments.  
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3.4. Conclusions 
The experimental observations in this Chapter identified an upper limit for the Sn 
particle size of ~5 µm in order to avert fracture. Particles in the range of 10-20 µm 
contained 1-3 cracks, spaced at relatively equal intervals. Finally, larger particles in the 
range of 30-40 µm in diameter showed an explosive topology after testing, which is 
reminiscent of onion peeling with circumferential cracks running at 5-6 µm from the free 
particle surface. Interior cracks fragmented large particles into ~5-7-µm pieces. Porosity 
was present in all particle sizes and increased with electrochemical cycling. Thus, anodes 
composed of Sn particles smaller than 5 µm, could reduce capacity fade due to cracking, 
despite that fact that the particles would still become porous, which is an inherent 
behavior of Sn particles. 
The last argument is supported by an additional observation: Anodes comprised 
of particles smaller than 10 µm consistently had initial capacity larger than 725 mAh/g, 
which is ~75% of the theoretical capacity. However, anodes comprised of larger Sn 
particles (<45 µm), demonstrated initial capacities 500 - 600 mAh/g, with only one anode 
starting at 641 mAh/g. The larger particle size in the second category of anodes delayed 
complete lithiation and potentially resulted in fragmented particles that lost connectivity 
with the conductive matrix. 
When the charge rate was reduced by ~75% to C/30, the capacity achieved by 
anodes comprised of large particles increased from 550-600 mAh/g to 700-750 mAh/g. 
This significant increase in capacity was accompanied by fairly good cyclability. It 
should be noted that the aforementioned calculations for the anode capacity are based on 
a calculation of the total weight of Sn in the anode. This calculation assumes uniform 
particle dispersion, and more importantly, uniform distribution of Sn weight per unit area 
of anode material, which is difficult to guarantee or measure.  
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CHAPTER 4  
 
 
 
4. MECHANICAL DURABILITY OF SOLID-STATE 
BATTERIES 
The weakest part of most Li
+ 
cell constructions is the interface between the two 
electrodes, as they are usually separated by a porous polymer layer which quite often is 
Celgard® soaked with liquid electrolyte. The latter forms an interphase that has little to 
no resistance to shear stresses. Furthermore, the presence of liquid electrolytes brings 
about a series of safety concerns in case of cell rupture. These issues may be possible to 
resolve by using solid phase electrolytes which provide mechanical functionality too [53]. 
On the other hand, the use of a solid electrolyte would significantly reduce the 
electrochemical performance of the cell, as ions are considerably more mobile in a liquid 
than a solid state electrolyte. A preliminary study of a solid state battery with a focus 
towards mechanical integrity was carried out and is described in this Chapter. 
 
4.1. Materials for Solid State Battery Cells 
Nickel-doped lithium titanate (titanium oxide) (Li4Ti5O12/Ni or LTO/Ni) was used 
as the material for the cathode. All materials were obtained from Sigma-Aldrich Co. 
LLC. Powdered LTO and Ni were mixed together in a 4:1 weight ratio and ball-milled to 
ensure proper mixing. The mixture was then pressed into pellets using a Carver 
Laboratory Press at a load of ca. 10,000 lbs. The thickness of the prepared pellets varied 
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from 0.5 mm to 2 mm, while the diameter was fixed by the mold’s inner diameter at 0.5 
in. The pellets were sintered at 700°C for 2 hr in a furnace (MTI GSL1700X). During 
sintering, Ar gas was circulated in the furnace atmosphere, so that Ni would not oxidize 
at high temperatures. 
Li cobalt-oxide (LiCoO2 or LCO) was used to fabricate the anode. The 
preparation process was similar to that for LTO/Ni, but the LCO powder was annealed 
before use at 860°C and for 6 hr. Subsequently, it was pressed into pellets in the exact 
same manner as the LTO/Ni mixture. The compacted pellets were sintered at 700°C for 6 
hours in a furnace (ThermoLyne 48000) without Ar circulation. The sintered anode and 
the cathode pellets are shown in Figure 4.1. 
 
 
Figure 4.1 LCO and LTO/Ni pellets after sintering. 
 
The base for the electrolyte was a 1M LiPF6 solution in 1:1 EC:DMC (ethylene 
carbonate and dimethyl carbonate). First a mixture of PVDF and NMP in 1:4 ratio by 
weight was prepared. Equal amounts of the electrolyte and this solution were mixed to 
form a gel. Then, the polymer polyethylene glycol diacrylate (PEGDA) was added to the 
gel in a 1:10 ratio by weight, i.e. 1 g of polymer for every 10 g of gel. Finally, the curing 
LiCoO2 Li4Ti5O12/N
i 
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agent, 2,2′-Azobis(2-methylpropionitrile) (AIBN), was added in a very small quantity, 
1/100
th
 the amount of PEGDA added. The final mixture was stirred for 5 min to ensure 
proper mixing. Hereafter, by “electrolyte” we refer to the solution of all the 
aforementioned materials. 
 
4.2. Construction of a Solid-State Cell 
The assembly of the solid state cell was done in a glovebox (MBraun LABStar) 
with Ar as the working gas. The electrodes in the form of pellets were infiltrated with the 
electrolyte solution by submerging them into the solution. Subsequently, they were 
stacked on each other and heated on a hot plate for 15-20 min at ~40°C. This allowed the 
polymer in the electrolyte to cure so that the entire assembly formed a solid material with 
the electrolyte in solid phase. The solid electrodes were then placed in a Swagelok cell 
and were tested using a modular 16 channel potentiostat/galvanostat/EIS (Bio-Logic 
VMP3). The individual electrodes were tested separately with Li foil following the same 
steps for constructing the cell. The electrode and the Li foil were infiltrated by the 
polymer electrolyte and heated to cure the polymer. Finally, the two electrodes bonded 
together by the cured electrolyte were tested in a Swagelok cell using the VMP3 
potentiostat. 
 
4.3. Electrode Evaluation 
4.3.a. Mechanical durability 
LCO pellets were infiltrated with electrolyte and cured separately from LTO/Ni. 
The LiCoO2 pellets were then cut into thin strips with the cross-sections listed in Table 
3.1. The strips were tested in tension using a mechanical testing machine (Bose 
ElectroForce® 3200) that recorded the failure strength for each sample. Another set of 
samples was tested without being infiltrated with the electrolyte. The mechanical strength 
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results are provided in Table 4.1. The average strength was 0.96 ± 0.55 MPa, which is a 
low value compared to epoxy polymers with strengths of 10-50 MPa. 
 
Table 4.1 Strength measurements of LCO electrodes infiltrated with polymer electrolyte. 
Sample 
Cross-section 
(mm
2
) 
Peak load 
(N) 
Failure stress 
(MPa) 
1 0.874 0.742 0.849 
2 1.009 0.598 0.592 
3 0.539 0.852 1.582 
4 0.976 0.541 0.554 
5 1.015 0.388 0.382 
6 0.934 0.67 0.717 
7 3.610 2.246 0.622 
8 2.222 1.345 0.605 
9 3.322 1.912 0.575 
10 2.733 3.242 1.186 
11 2.415 3.822 1.583 
12 1.775 3.935 2.217 
13 2.073 2.225 1.073 
Average   0.965 ± 0.541 
 
 
4.3.b. Electrochemical performance  
From the cyclic voltammetry results in Figure 4.2(a,b), it can be seen that there is 
a minimum at 3.3-3.4V. This minimum corresponds to the phase change in the LCO 
electrode during discharging, implying that the cell reaction took place as expected. 
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(a)  
 
(b) 
Figure 4.2 Cyclic Voltammetry (CV) of Samples 1 and 2 of LCO infiltrated with 
polymer electrolyte, with Li foil as the anode.  
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4.4. Conclusions 
A solid state battery can be promising for applications where the strength of the 
batteries is a concern, for instance in MAVs where the battery comprises the actual 
application. Even though the electrochemical performance is adversely affected by such a 
battery design, a limited loss in capacity could be an acceptable compromise. The solid 
state batteries tested in this Chapter did not have significant mechanical strength. A more 
viable solution would be to explore other electrolytes that are stronger polymers, which 
would improve on the mechanical strength. Additional improvements could come from 
electrode materials which don’t suffer from as high losses in capacity when used in the 
solid form proposed here. Such polymers should also have good ionic conductivity for 
Li
+
 in order to maintain high charge rates and minimize capacity losses due to side 
reactions and SEI formation. 
Charge rates and electrochemical performance can also be improved by changing 
the physical structure of the electrodes, which could be accomplished by better control of 
the electrode porosity density, and the pore size and distribution, which could improve 
diffusion of Li
+
. An example could be a Ni, or other metallic, skeletal structure coated 
with active electrode particles [54]. The metallic skeleton provides a high conductivity 
substrate and high-strength for the active particles, while the porous geometry aids in Li
+ 
diffusion through the active particles. Significantly stronger batteries could be 
constructed by combining this structure and a solid phase electrolyte. 
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CHAPTER 5 
 
 
 
5. CONCLUSIONS AND FUTURE PROSPECTS 
In general, the performance of composite Sn and Si electrodes was satisfactory 
when compared with the results reported in literature. Sn samples reached 75% (ca. 750 
mAh/g) of their theoretical capacity, Si samples reached about 35% (ca. 1,230 mAh/g) of 
their theoretical capacity. Both types of electrodes lost about 15-30% of the initial 
capacity in the immediately next half cycle. SEM images showed that the active particles 
underwent a tremendous change after the very first charge-discharge cycle, explaining in 
part the loss in capacity. Additional sources such as the formation of SEI contributed to 
this capacity fade. 
Based on the results for the composite Sn anodes tested at different charge rates, a 
fairly consistent length scale emerged that dictated whether the Sn particles would 
fracture. This range of critical particle sizes of 5-8 µm, was consistent for anodes with 
different Sn particle sizes, tested at different charge rates and for different lengths of 
time. Particles smaller than this size, contained no cracks, while Sn particles that were 7-
10 µm in size formed 2 cracks normal to each other that crossed at the particle center. 
Cracks in larger particles appeared at a distance of 6-10 µm from the particle free surface 
often separating multiple shells of the particle with thicknesses of the order of 5 µm. 
The electrochemical data for composite Sn anodes tested at charge rates of C/7 
and C/30 showed higher capacity and greater cyclability at the lower charge rate. The fact 
that improved capacity was accomplished by charging large Sn particles at C/30, implies 
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that a lower charge rate will further increase the electrochemical performance of Sn 
anodes made of the small (< 10 µm) Sn particles and may also improve capacity 
retention, which has been a challenge so far. 
There have been several challenges in pursuing the objectives set at the beginning 
of this dissertation research. The originally planned methodology called for visualization 
of the size of Li
+
 host particles on the surface of the anode before, during, and after 
electrochemical testing. However, while imaging the surface by a confocal laser 
microscope after lithiation and delithiation, most of the anode surface was covered by a 
residue layer that obscured further observations and reduced the electrode capacity 
dramatically. This residue layer was more prominent in Si than in Sn electrodes. 
However, it appears that the lower of the two charge rates attempted (C/30) did not result 
in significant surface residue which is an important observation that will guide future 
experiments. An additional difficulty stemmed from the need to maintain an appropriate 
testing environment for Li and obtain observations through a window very near the 
surface of the anode. An improved apparatus is currently being designed and it is 
discussed in Section 5.1. 
The large stresses developed during lithiation of Si or Sn particles were 
responsible for their fracture. The very high intra-particle stresses may also reduce the 
diffusion rate and ultimately the battery charge rate. The role of stresses could be studied 
systematically by applying external loads and measuring the resulting diffusivity. 
Electrochemical impedance spectroscopy on Si and Sn thin films under compression at 
stresses of 1 GPa or higher could provide the data needed to compute the diffusivity of 
Li
+
 as a function of stress. This can be calculated from impedance data, as formulated by 
Ho et al. in 1980 [55] and further applied by Levi and Aurbach [56]. 
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5.1. Future Research: In-situ Imaging of Li+ Cells 
A sealed chamber has been designed such that thin-film electrodes could be tested 
electrochemically inside the chamber while optical imaging of electrode surface could be 
done through an optically transparent window at the top of the chamber. A schematic of 
the cross-section of such a chamber is illustrated in Figure 5.1. Similar designs have been 
used before to study the evolution of stresses in thin film Si [49] and C anodes [57]. 
 
 
Figure 5.1 Schematic for sealed chamber setup for in-situ imaging of electrodes during 
lithiation/delithiation.  
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